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SUMMARY 
Lead s a l t  diode lasers are be ing  used  increas ingly  as tunab le  sou rces  
of  monochromat ic  in f ra red  rad ia t ion  in  a v a r i e t y  o f  s p e c t r o s c o p i c  s y s t e m s .  
These  dev ices  a re  pa r t i cu la r ly  use fu l ,  bo th  in  the  l abora to ry  and i n  t h e  f i e l d ,  
because of t h e i r  h i g h  s p e c t r a l  b r i g h t n e s s  (compared to   thermal   sources)   and 
wide   spec t ra l   coverage   (compared   to   l ine- tunable   gas   l asers ) .   Whi le   the   p r i -  
mary  commerc ia l  appl ica t ion  of  these  lasers  has  been  for  u l t ra -h igh  reso lu t ion  
( lom4 cm”) laboratory spectroscopy,  there  are  numerous systems appl icat ions,  
i nc lud ing  l a se r  abso rb t ion  po l lu t ion  mon i to r s  and laser   heterodyne  radiomet-  
ers ,  f o r  wh ich   d iode   l a se r s   have   g rea t   po ten t i a l   u t i l i t y .   The re   a r e ,   however ,  
several   problem  areas   re la ted  to   the  wider   use  of   these  components .  Among 
t h e s e   a r e   t o t a l   t u n i n g   r a n g e ,  mode c o n t r o l ,  and h i g h   f a b r i c a t i o n   c o s t .  A 
f ab r i ca t ion  t echn ique  wh ich  spec i f i ca l ly  addres ses  the  p rob lems  o f  t un ing  
range and c o s t ,  and which a l s o  h a s  p o t e n t i a l  a p p l i c a t i o n  f o r  mode c o n t r o l ,  
i s  r epor t ed   he re .  
(Pb.81Sn.lg)Te homo j 
b eam epi taxy   (MBE)  . 
PROCEDURE 
C r y s t a l  Growth 
unctions were grown by m u l t i p l e  sou rce  molecl ula 
Independent ly  cont ro l led  sources  of  PbTe and SnTe 
r 
pe rmi t -  
t ed  p rec i se  compos i t ion  con t ro l ,  wh i l e  Bi2Tea  and T 1  were  used a s  e x t r i n s i c  
n and p d o p a n t s ,   r e s p e c t i v e l y .  A f i f t h  Knudsen source  was inc luded   t o   p rov ide  
e x c e s s   T e ,   i f   n e c e s s a r y ,   t o   c o n t r o l   s t o i c h i o m e t r y .  The s u b s t r a t e  was BaF,, 
f i r s t  used by Holloway ( r e f .   1 ) .   U n l i k e   e a r l i e r  work  which  used the   (111)  
c l eavage   p l ane ,   t he   subs t r a t e s   fo r   t h i s  work  were  chemically  polished  (100) 
o r i e n t e d  m a t e r i a l ,  t o  a l l o w  f o r  t h e  p r e f e r e n c e  o f  t h e  l e a d  s a l t s  t o  grow i n  
the   (100)   o r i en ta t ion .  
Crys ta l  g rowth  took  p lace  a t  t empera tures  f rom 400 t o  42OoC and  growth 
rates of  rom 2 t o  4 pm per   hour .  The l a s e r ’ s  v e r t i c a l  s t r u c t u r e  was a f i v e -  
l a y e r  h o m o j u n c t i o n  u t i l i z i n g  c a r r i e r  c o n c e n t r a t i o n  g r a d i e n t s  f o r  b o t h  o p t i c a l  
and e l e c t r i c a l   c o n f i n e m e n t .   S t r u c t u r e s  similar to   t h i s   have   been   r epor t ed  
by Lo ( r e f .  2 )  u s i n g  b u l k  d i f f u s e d  m a t e r i a l  and  by  Walpole ( r e f .  3 )  us ing  
MBE-grown m a t e r i a l  on a b u l k  s u b s t r a t e .  A typ ica l   g rowth   sequence   cons is ted  
of growing an n-type contact layer 0.5 p m  t h i c k  and  doped t o  10’’ cmm3, an 
?Resea rch  pa r t i a l ly  suppor t ed  by NASA c o n t r a c t  NAS1-14996 
” 
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n- type  buf fer  layer  2 pm t h i c k  and  doped t o  3 ~ 1 0 ’ ~ c m - ~ ,  an undoped ac- 
t i v e  l a y e r  1 . 5  pm thick which was t y p i c a l l y   1 ~ 1 0 ‘ ~  p-type, 2 pm of  3 ~ 1 0 ‘ ~  
p- type   buf fer ,   and ,   f ina l ly ,   0 .5  pm o f  l ~ l O ’ ~  p- type  contact   layer .   Fol low- 
ing   growth ,   the   en t i re   mul t i layer   f i lm,   which  was t y p i c a l l y  8mm long,  l O m m  
wide, and 9 pm t h i c k ,  was m e t a l l i z e d  and s o l d e r e d  t o  a copper  hea t  s ink ,  form- 
i n g   e l e c t r i c a l   c o n t a c t   t o   t h e   p - c o n t a c t   l a y e r .  The BaF2 s u b s t r a t e  was then 
s lowly  d isso lved  of f  us ing  w a r m  f lowing de- ionized water. 
Device  Fabr ica t ion  
S t a n d a r d  i n t e g r a t e d  c i r c u i t  p r o c e s s e s  were used  to  mass-produce mesa 
d i o d e   l a s e r s .  The process  steps from c r y s t a l  g r o w t h  t o  wire bonding are sum- 
mar i zed   i n   f i gu re  1. Fol lowing   subs t ra te   removal ,   rec tangular   Fabry-Pero t  
c a v i t i e s  were e tched ,   e i ther   wet -chemica l   o r   by   ion   mi l l ing .   Next ,  a BaF, 
i n s u l a t i n g  l a y e r  was depos i ted  and a c o n t a c t  window opened to p e r m i t  e l e c t r i -  
c a l  c o n t a c t  t o  t h e  n - t y p e  c o n t a c t  l a y e r  w i t h o u t  c r e a t i n g  an e l e c t r i c a l  s h o r t  
to   the   copper   hea t   s ink .  Metal was t h e n   d e p o s i t e d   o v e r   t h e   e n t i r e   s t r u c t u r e  
and subsequent ly  removed from  one  face  of  the laser.  The device  was completed 
by wire-bonding   to   the   top   contac t  metal, n e x t  t o  t h e  d e v i c e ,  i n  o r d e r  t o  
avoid damage due  to  mechanical s t ress .  F igu re  2 shows t h e   f i n i s h e d  mesa d iode  
i n  d e t a i l .  
A t y p i c a l  s t r u c t u r e  is 75 pm wide, 250 pm long,  and 9 pm high .  An array 
o f   t h e s e   d i o d e s   p r i o r   t o   f i n a l  wire bonding i s  s e e n   i n   f i g u r e  3 .  The d iodes  
are  spaced  500 pm a p a r t  i n  x  and y. The dark   squares  are t h e  p h o t o r e s i s t  
which  has   been  used  to   pat tern  the  top  contact  metal, and the  sma l l e r  r ec t ang-  
les  wi th in  the  squa res  are the  lasers,  where  one f ace  o f  t he  laser i s  covered 
by metal  and one face extends beyond the  metal, p e r m i t t i n g  r a d i a t i o n  t o  e s c a p e .  
LASER PERFORMANCE 
D i o d e s  f a b r i c a t e d  i n  t h i s  way have  been  operated cw a t  h e a t  s i n k  t e m p e r a -  
tures  ranging from 12K t o  60K, and t h e y  o p e r a t e d  i n  5 ps pu l ses  up t o  95K, 
a t  which   tempera ture   the   pu lsed   th reshold   cur ren t  was 10,00OA/cm2. Low tempera 
t u r e  t h re sho lds  were between 500A/cm2 and  1000A/cm2,  both  pulsed and cw. 
These  va lues  fo r  t h re sho ld  cu r ren t s  compare  favorably  with  those  obtained 
f o r  d e v i c e s  made  by more convent ional  one-at-a- t ime processes  based on t h e  
g r o w t h  o f  h i g h  q u a l i t y  b u l k  s i n g l e  c r y s t a l  m a t e r i a l .  
The emiss ion  wave leng th  o f  l ead  sa l t  l a se r s  i s  v a r i e d  by changing  the 
t empera tu re   a t   t he   j unc t ion .   Th i s   t un ing  is  accomplished by v a r y i n g   t h e   h e a t  
s ink   tempera ture  and t h e   c u r r e n t   i n   t h e   l a s e r ,   t o g e t h e r   o r   s e p a r a t e l y .  A 
l a s e r  c a n  o p e r a t e  i n  e i t h e r  a s i n g l e  mode or multimode,  depending upon small 
changes   in   the   operaz ing   po in t .   F igure  4 i l l u s t r a t e s   b o t h   t h e   c u r r e n t   t u n i n g  
and t h e  mode s t r u c t u r e  o f  a d iode  opera ted  a t  a hea t  s ink  t empera tu re  o f  20K. 
Since  the  average  emission  wavelength is  de termined   pr imar i ly  by the  tempera- 
ture   dependence  of   the band  gap of   the  semiconductor ,   one  can  predict   the  
average  wavelength of emission given the I - V  c h a r a c t e r i s t i c s  o f  t h e  l a s e r ,  
the  measured  thermal  res i s tance ,  and t h e  known temperature  dependence  of  the 
band  gap. 
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Figure 5 sumnarizes   both  the  temperature   tuning and t h e  c u r r e n t  t u n i n g  
of  a laser which operated in  the pulsed mode up t o  95K. The cw emission wave- 
l eng th  is  taken  to   be  the  center   f requency  for   cases   of   mult imode  emission.  
This wavelength i s  p l o t t e d  as a func t ion  o f  cu r ren t  and hea t  s ink  tempera ture .  
The s o l i d  l i n e s  were c a l c u l a t e d  from  the known e l e c t r i c a l  and thermal  proper-  
t i es  of the diode. 
B e c a u s e  o f  d i f f i c u l t i e s  i n  t h e  t h e r m a l  p a c k a g e ,  t h i s  d i o d e  e x h i b i t e d  
q u i t e  a high temperature  r ise  a t  t h e  j u n c t i o n ;  t h u s ,  t h e  cw emission of 10 pm 
a t  1.35A  and a hea t  s ink  tempera ture  of  15K corresponded to  a junct ion tempera-  
t u r e   o f  95K, the   h ighes t   t empera tu re   fo r   pu l sed   ope ra t ion .   S ign i f i can t ly ,  
we have  ob ta ined ,  i n  a s i n g l e  d i o d e ,  cw emission from 10 pm t o  14 pm, a tun ing  
r ange  comparab le  to  the  wides t  r epor t ed  in  the  l i t e r a tu re .  
CONCLUSION 
Useful   laser   performance  has   been  demonstrated  in   devices   fabr icated 
us ing  th in - f i lm  and in t eg ra t ed  c i r cu i t  t echno log ie s  gea red  toward  mass  produc- 
t i o n .  The MBE crystal   growth  technique  permits   independent  and p r e c i s e  con- 
t ro l   o f   compos i t ion  and c a r r i e r   c o n c e n t r a t i o n .  The l a s e r s   d e s c r i b e d   i n   t h i s  
paper  were grown  on  a BaP2 s u b s t r a t e  and exhibi ted an extremely wide tuning 
r ange ,   desp i t e  a 1 .4%  la t t ice   mismatch.   This   wide  tuning  range i s  probably 
a t t r i b u t a b l e  t o  e x c e l l e n t  o p t i c a l  and e l ec t r i ca l   con f inemen t ,   accompl i shed  
wi th  the  th in  ac t ive  r eg ion  and sha rp  concen t r a t ion  g rad ien t s  ach ievab le  wi th  
MBE . 
On the  o ther  hand ,  these  devices  d id  not  show  good performance  in  terms 
o f   s i n g l e  mode or  multimode  output  power.   There  are two l i k e l y   c a u s e s   f o r  
t he  low output  power ( t y p i c a l l y  10 pW). There i s  probably  non-optimal  output 
coupl ing due to   imperfect  and misal igned  e tched end mirrors .   Refinements  
of   the  ion-mil l ing  process   have  led  to  some improvements i n   t h i s   a r e a .  More 
s i g n i f i c a n t l y ,  t h e r e  may be seve re  quantum e f f i c i e n c y  r e d u c t i o n  due t o  t h e  
l a t t i c e  mismatch.   This   effect   has   been  demonstrated by Kasemset for  (PbSn)Te 
h e t e r o j u n c t i o n s   ( r e f .   4 ) .  
Figure 6 p r e s e n t s  t h e  r a n g e  o f  l a t t i c e  c o n s t a n t s  f o r  some po ten t i a l  sub -  
s t r a t e   m a t e r i a l s .  The o n l y   p o s s i b i l i t i e s   f o r   l a t t i c e - m a t c h i n g   t o  (PbSn)Te 
a r e  b u l k  m a t e r i a l  o r  t h e  mixed a l k a l i - h a l i d e ,  which is  a very poor thermal 
match and not  a very  good s u b s t r a t e .  On the   o ther   hand ,  i t  i s  p o s s i b l e  t o  
la t t ice-match  (PbSnlSe  to   (BaSr)Fq.  
I n  a d d i t i o n  t o  p o t e n t i a l  c o s t  r e d u c t i o n ,  t h e  t h i n - f i l m  p r o c e s s i n g  t e c h -  
n i q u e s  p r o v i d e  t h e  p o s s i b i l i t y  f o r  i n t e g r a t e d  a r r a y s  o f  d i o d e s  d i f f e r i n g  f r o m  
e a c h  o t h e r  i n  a cont ro l led   fash ion .   This  would g r e a t l y   a i d   i n   t h e   p r o b l e m  
o f   spec t r a l   cove rage .  The p h o t o l i t h o g r a p h i c   c a v i t y   d e f i n i t i o n   a l l o w s   t h e  
use  o f  shaped  cav i t i e s  fo r  mode c o n t r o l ,  and t h e  m u l t i - l a y e r  t h i n  f i l m  c r y s t a l  
growth p e r m i t s  g r e a t   f l e x i b i l i t y   i n   v e r t i c a l   s t r u c t u r e .   T h u s ,   s t a n d a r d  de- 
v i c e s  may be  obta ined  wi th  improved  proper t ies  in  terms of  both  cos t  and  per- 
f ormance. 
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- BaF2 
1. F I L M  GROWN BY  MULTIPLE 
SOURCE MBE  ON BaF2 SUBSTRATE v / / / / / / / / / / / / ~ - ( P b S n ) T e  
2. SOLDERED TO COPPER  HEAT SINK 
cu 
3. BaF D l  SSOLVED WITH WARM WATER, 
FAB~Y-PEROT CAVITIES ETCHED cu 
4. BaF2 INSULATOR  DEPOSITED, 
CONTACT WINDOWS OPENED c\\\\\\\\\\+ V / / / / / / / / / / A I  /aF2 cu 
5. TOP METALIZATION  DEPOSITED, 
REMOVED FROM EMITTING FACE, 
CONTACT WIRE BONDED AWAY 
FROM ACT I VE  LASER 
Figure 1.- Processing  steps  in  laser  fabrication, from crystal growth to 
final  wire-bonding. 
COPPER 
HEAT S I N  
lVlCl ML LCnUUU I 
K 
Figure 2.- Detailed  illustration of etched mesa diode laser. 
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Figure 3.- Scanning electron micrograph of an array of lasers 
prior to wire-bonding. 
INTENSITY 
(arbitrary 
units) 
HEAT SINK TEMP = 20K  
I =0.95A 
I = 0.90A 
11.55  1.60  1.65  1.70  1.75 I p m )  
866 862 858 855 851 (Cm-') 
WAVELENGTH 
Figure 4.- Output  spectrum  illustrating complex mode structure  and 
rapid  wavelength  tuning with current. 
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Figure 5.- Range of  accessible  wavelengths  for  diode  operating  cw.  Wavelength 
tuned  with  temperature  and  current  from 14 to 10 Urn. Solid  lines  are 
theoretical  tuning  curves  derived  from  temperature  dependence  of  the  band 
gap  and  known  electrical  and  thermal  properties of the  diode. 
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CU B I C L A l l  I C E CON  STANT (angstroms ) 
Figure 6.- Range of cubic  lattice  constants  €or  potential  substrate  materials 
€or  epitaxial  growth of lead  salt  laser  material. 
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